Abstract Heat shock protein 32 (HSP32) is a stress response protein that can be induced by heat stress in the liver, and its induction can act as an important cellular defence mechanism against heat-induced liver injury. To investigate the functional role of HSP32 in protecting liver tissue against heat stress in mice and the mechanism by which it achieves this protective effect, HSP32 expression and carbon monoxide (CO) contents in a model of mice subjected to acute, transient heat exposure were examined. Furthermore, functional and histological parameters of liver damage and the possible involvement of oxidative stress to induce oxidative deterioration of liver functions and caspase-3 expression were also investigated in this study. We found that heat treatment of mice produced severe hepatic injury, whereas upregulation of HSP32 with hemin pretreatment prevented mice from liver damage. In contrast, addition of Sn-protoporphyrin (SnPP) to inhibit HSP32 expression completely reversed its hepatoprotective effect. It is concluded that upregulation of HSP32 by hemin could alleviate acute heat-induced hepatocellular damage in mice, and its by-product CO seems to play a more important role in hepatoprotective mechanism.
Introduction
The heat shock response (HSR) is an ancient and highly conserved molecular response to disruptions of protein homeostasis (proteostasis) (Morimoto 2008 (Morimoto , 2011 Åkerfelt et al. 2010) . Heat shock proteins (HSPs), recognized as families of highly conservative stress proteins, were identified first as proteins overexpressed in response to heat stress (Ritossa 1962; Tissiéres et al. 1974 ). Many of the protective effects of the HSPs have been attributed to HSP32 (Willis et al. 1996; Otterbein et al. 1999; Petrache et al. 2000; Rensing et al. 1999; Shiraishi et al. 2000; Carchman et al. 2011) , which is a member of the HSP family better known as heme oxygenase 1 (HO-1) and is one of the most widespread antioxidant defence enzymes.
HSP32 is a stress-responsive protein that catabolizes hemes into biliverdin, free iron and carbon monoxide (CO) and is upregulated under conditions of various stimuli such as hyperoxia, hypoxia, heat shock, endotoxemia, hydrogen peroxide, cytokines, ultraviolet-A radiation, heavy metals and nitric oxide (Camhi et al. 1995; Carraway et al. 1998 Carraway et al. , 2000 Lee et al. 1997; Keyse and Tyrrell 1987; Lautier et al. 1992; Maines and Ewing 1996; Eyssen-Hernandez et al. 1996) . Moreover, its expression is much higher in the spleen and liver than in other tissues (Yao et al. 2009; Yumi et al. 2010) . Induction of HSP32 occurs as an adaptive and beneficial response to various injurious stimuli, and this inducible nature of HSP32 signifies its importance in several pathophysiological states, such as liver diseases (Farombi and Surh 2006) . Besides, there has been increasing evidence supporting the role of HSP32, and most notably, its reaction products in the hepatic stress response under acute and chronic pathophysiological conditions suggest that HSP32 could protect liver tissue against a wide array of noxious stimuli (Tsuchihashi et al. 2006; Sass et al. 2012) . Our earlier research showed that the overexpression of HSP32 probably played a protective role in the liver of heat-exposed mice (Li et al. 2013a ). However, the precise role of HSP32 in the protection of the liver subjected to heat stress and the underlying mechanisms still remains unclear.
In response to these findings, investigations into the role of HSP32 in protecting liver tissue against heat stress in mice and the mechanism by which it achieves this protective effect have great significance. The aim of the present study was to investigate the functional role of HSP32 induction in a mice model of liver injury caused by acute heat exposure and the possible protective mechanism of HSP32 in response to hyperthermia.
Materials and methods

Animals
Experiments were performed in 128 male Kunming mice (10-week-old) that were purchased from the Nanjing Qinglongshan Experimental Animal Factory. The mice were reared in separate cages under environmental conditions including free diet, 12-12 h light-dark cycles and a room temperature ranging from 23 to 25°C. All experiments were carried out in accordance with the National Institutes of Health guidelines.
Animal heat treatment and tissue preparation
The treatment was based on previous reports (Redaelli et al. 2002) and our preliminary studies. Body temperature was monitored with a rectal thermometer; the acute, transient heat exposure consisted of 10-week-old mice that were placed in a perforated Perspex cage with cover and were exposed to a heat stress at 43°C with 60 % relative humidity in FPQ multiband artificial climate chamber (Ningbo Lai Fu Technology Co., Ltd., Zhejiang, China). The body temperature was slowly elevated to 43°C and maintained for 30 min.
Mice were randomly divided into four groups: (1) control group (C); (2) acute, transient heat-treated group (ATH); (3) hemin + ATH, hemin (30 μmol/kg body weight) was administered intraperitoneally to mice 24 h before the induction of liver injury and (4) Sn-protoporphyrin (SnPP) + ATH, SnPP (10 μmol/kg body weight) was administered intraperitoneally 24 h prior to acute, transient treatment. The last three groups were divided into five subgroups for sampling at different time points. The dose of hemin and SnPP adopted in this study was selected according to previous reports.
After heating, the mice were removed immediately and transferred to room temperature conditions. Untreated controls (C group) were reared normally and received no other treatment. At various time points 3, 6, 12, 24 and 36 h after the completion of the heat treatment, the mice were anaesthetized with pentobarbital sodium (4 mg/kg body weight, iv), then euthanized by cervical vertebra dislocation. Livers were collected and rinsed twice in phosphate-buffered saline, and then samples were immediately processed for measurements, fixed for histology evaluations or frozen in liquid nitrogen for subsequent experiments. Eight animals at each time point were tested in each group.
Immunohistochemistry and histology preparation and evaluation
To prepare slides for immunohistochemistry staining and histology evaluation, the fresh liver tissue samples were fixed in 10 % neutral-buffered formalin and tissue sections were subsequently dehydrated through steps of graded alcohol, cleared in xylene and imbedded in paraffin blocks. Sections of 6-μm thickness were cut from each block.
For immunohistochemical analysis, liver sections were deparaffinised, hydrated by successive series of ethanol, rinsed in phosphate-buffered saline (PBS) and then incubated in 3 % H 2 O 2 in PBS for 10 min to quench endogenous peroxidase. For the mammalian study, primary antibodies included rabbit polyclonal HSP32 and caspase-3 (1:100) (Beyotime Biotechnology, China; diluted 1:100). Immunoreactivity was detected using biotinylated goat anti-rabbit IgG secondary antibody followed by avidin-biotinylated horseradish peroxidase complex visualized with diaminobenzidine tetrahydrochloride according to the manufacturer's instructions. Slides were counterstained with haematoxylin. Negative and positive controls were run for every assay, and the primary antibody was substituted with the rabbit IgG in the negative controls.
For histological evaluation, the deparaffinised sections were stained with haematoxylin and eosin. Liver sections were then analysed under a microscope for evidence of injury.
ALT and AST measurements
Serum alanine aminotransferase (ALT) and transaminases as aspartate aminotransferase (AST) were measured in serum following the commercial kits (Jiancheng Bioengineering Inc., Nanjing, China) according to the manufacturer's instructions. The results were expressed as U/L. AST and ALT are the sensitive indicators for hepatocellular damage which can reflect the condition of hepatocyte injury.
SOD and MDA measurements
Liver homogenates were prepared in PBS and centrifuged at 12,000g for 20 min at 4°C. Total superoxide dismutase (SOD) activity in the hepatic tissue supernatant was determined. Samples were taken to detect absorbance at an absorbance of 550 nm. The results were expressed as units per milligram of protein. Malonaldehyde (MDA) content was measured using the thiobarbituric acid (TBA) method at an absorbance of 532 nm. The results were expressed as nanomoles per milligram of protein. Procedures were performed with assay kits according to the manufacturer's instructions. SOD and MDA assay kits were purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China).
CO content measurement
After centrifugation of the crude homogenates of liver tissue, endogenous CO content was determined using a carbon monoxide assay kit (Jiancheng Bioengineering Inc., Nanjing, China). The results were expressed as micromoles per gram.
RNA extraction and reverse transcription polymerase chain reaction analysis Livers were perfused with PBS, frozen in liquid nitrogen and stored at −80°C (frozen stock liver) until used as described previously. The level of HSP32 and caspase-3 mRNA in the liver were evaluated by reverse transcription polymerase chain reaction (RT-PCR), which was performed using an ABI Prism Sequence Detection System (Applied Biosystems). Total RNA was extracted from liver tissue using a Total RNA Isolation Kit (F. Hoffmann-La Roche Ltd., Shanghai, China) according to the manufacturer's instructions. An aliquot of the total RNA was treated with DNase I, and then it was reverse transcribed into cDNA with random hexamer primers (TaKaRa, Dalian, China). The resulting cDNA was used for SYBR Green (Applied Biosystems) real-time PCR amplification of HSP32 and caspase-3. PCR reactions were performed with the following primers: 5′-TTT TCC ACG GCG ACT CAG-3′ and 5′-CAA CGG TAAACA ACA CGA TC-3′ for mouse HSP32; 5′-CTG GACTGT GGC ATT GAG AC-3′ and 5′-GCA AAG GGACTG GAT GAA CC-3′ for mouse caspase-3. All mRNA analyses were performed in triplicate, and expression levels of HSP32 and caspase-3 were corrected using an endogenous control (mouse GADPH, primers 5′-GGA TTTCCC TGG GTC TTC-3′ and 5′-TAA GAA AGG CAAACC AGA A-3′). The fold differences in mRNA expression of samples were relative to the internal control sample, which was included in all runs.
HSP32 quantitation by ELISA Tissue HSP32 levels in tissue homogenates (50 μl) were determined using a commercially available ELISA (enzymelinked immunosorbent assay) specific for the mice cytokine, purchased from R&D Systems (Shanghai, China); this kit shows a sensitivity of 0.78 ng/ml and ranges up to 25 ng/ml.
Statistical analysis
All results were expressed as mean ± SD. The statistical analysis was performed using a one-way analysis of variance. Results were considered statistically significant at P<0.05.
Results
Morphology of heat-exposed liver
Histological evaluation of sections revealed that the liver morphology was normal in control animals (Fig. 1a) , whereas, heat exposure groups demonstrated some hepatic injury, and the liver injury peaked after 24 h of transient heat exposure. The ATH mice showed variable hydropic degeneration and ballooning degeneration, accompanied by a small amount of inflammatory cell infiltration fatty (Fig. 1b) . And the SnPP + ATH group showed more severe hepatocellular damage than that for the ATH group (Fig. 1d) . However, only mild injury was present in the hemin + ATH group with little evidence of hydropic degeneration and ballooning degeneration (Fig. 1c) .
MDA content, SOD activity in the liver and Serum AST and ALT levels
The levels of MDA and serum ALT and AST in the ATH group started to increase at 3 h after heat exposure, and this elevation persisted until 24 h after heat treatment, which showed significant differences when compared with the control group (P<0.05). The elevation in the levels of MDA, serum AST and ALT at all time points was markedly augmented by SnPP but attenuated by hemin treatment (Fig. 2a, c and d ). In contrast, the hepatic SOD activity decreased significantly at 3 h after heat exposure and bottomed out at 24 h after heat treatment. These decreases in SOD activity were markedly augmented by SnPP but attenuated by hemin treatment (Fig. 2b) .
Caspase-3 expression in the liver
The expression of caspase-3 mRNA in the ATH group was increased at 6 h after heat exposure and peaked at 24 h after heat treatment, which was significantly higher than that in the control group (P<0.05). However, in the hemin + ATH group, caspase-3 mRNA expression was significantly lower than that in the ATH group (P<0.05), while the expression of caspase-3 mRNA in the SnPP + ATH group was significantly higher than that in the ATH group (P<0.05) (Fig. 3a) .
To examine the protective effects of elevated HSP32 expression on the liver of heat-stressed mice, caspase-3 expression in the liver at 24 h after heat treatment was assessed by immunohistochemical staining. As indicated in Fig. 4d-f) , positive caspase-3 expression was localized in the cytoplasm of hepatocytes.
HSP32 expression in the liver
The mRNA and protein expression of HSP32 was increased significantly after transient heat exposure compared to the control group (P<0.05). Compared with the ATH group, hemin administration significantly increased HSP32 expression at all time points, while addition of SnPP significantly inhibited the HSP32 mRNA and protein expression (Fig. 3b, c) . Localization of HSP32 protein expression was determined in liver tissues at 24 h after heat exposure, shown as brown cytoplasmic staining, mainly around the central veins where the liver injury was more serious (Fig. 4a-c) .
CO contents in the liver tissue supernatant
Parallel with increased HSP32 expression, CO contents in the ATH group was significantly increased in livers of mice subjected to acute, transient heat exposure (P<0.05). This elevation in the level of CO at all time points was significantly augmented by hemin but attenuated by SnPP treatment (Fig. 3d) .
Discussion
HSP32 is an inducible isoenzyme, which can be upregulated to provide an important protective response from many different noxious stimuli. Additionally, accumulating evidence shows that the induction of HSP32 can catalyse redundant heme to avoid heme-induced injury, and its by-products might also have anti-inflammatory, anti-apoptotic and antioxidation properties (Wen et al. 2007; Li et al. 2013b) .
In the present study, we examined the effects of HSP32 induction, as well as the effects of HSP32 inhibition, on the outcome of liver injury caused by heat stress. The induction of HSP32 was made by pretreating mice with hemin, a wellknown physiological substrate and potent inducer of HSP32. At the same time, SnPP as a competitive HSP32 inhibitor was administrated intraperitoneally in mice to inhibit hepatic HSP32 activity. The experiment results showed that expression levels of HSP32 started to increase within 3 h after transient heat exposure, and the levels remained high thereafter and reached a peak level at 24 h. What's more, hemin pretreatment significantly increased HSP32 expression when compared with the ATH group. However, SnPP administration completely inhibited HSP32 expression in the livers of mice and remained at a low level throughout the entire heat exposure. Fig. 1 Effect of pretreatment with hemin and Snprotoporphyrin (SnPP) on the histological changes in the liver at 24 h after heat exposure. a The control mice, without any signs of liver damage. b The ATH mice, variable hydropic degeneration and ballooning degeneration, accompanied by a small amount of inflammatory cell infiltration fatty were shown in the sections. c The hemin + ATH mice, with little evidence of hydropic degeneration and ballooning degeneration. d The SnPP + ATH mice, more severe hepatocellular damage was observed than that for the ATH mice and accompanied by fatty degeneration. 1, 2, 3 magnifications ×100, ×200 and ×400 The results of this study clearly showed that HSP32 upregulation with enhanced HSP32 expression at the mRNA and protein levels following hemin administration attenuated the severity of heat-induced hepatic injury, as evidenced by analysis of functional and histological parameters of liver damage. Addition of SnPP completely abolished HSP32-induced hepatoprotective effect as confirmed by increased AST, ALT levels and more severe pathological lesions, suggesting that HSP32 induction in the liver of mice is essential for protection from acute liver damage.
MDA is a biomarker of lipid peroxidation (LPO); its concentration indicates the degree of oxidative degradation of polyunsaturated fatty acids (PUFA) and cellular deterioration in the liver (Drewa et al. 2002) . SOD is considered the first line of defence against the deleterious effects of oxyradicals in the cell and plays a key role in the antioxidant system (Ha et al. 2010 ). The observations revealed that hemin pretreatment could decrease MDA concentrations and increase SOD activity in the liver of mice when compared with the heat-treatedalone mice, whereas SnPP administration concomitantly abolished this intervening effect, indicating that high expression of HSP32 induced by hemin could decrease the lipid peroxidation and play an anti-oxidative role in heat-induced liver injury, which might be partially responsible for the protective mechanisms.
Apoptosis has been identified as a mechanism of hepatic injury, and caspase-3 is probably the best understood of the mammalian caspases in terms of its specificity and roles in apoptosis. The activation of caspase-3 can be used as an improved index of apoptosis (Khan and Brown 2002 ). In the current study, to determine the effect of HSP32 on apoptosis, we carried out an immunohistochemical and RT-PCR analysis of caspase-3. Results showed that the expression of caspase-3 in the ATH group was increased significantly at 6 h after heat exposure and peaked at 24 h after heat treatment. After administrating hemin to induce HSP32 high expression, caspase-3 expression was significantly attenuated. Likewise, addition of SnPP abrogated the inhibitive effect of hemin. The results suggesting that upregulation of HSP32 may contribute to the suppression of apoptosis via inhibition of caspase-3 were consistent with research by Burger et al. (2009) . Therefore, it might be another important mechanism responsible for HSP32-mediated protection from liver injury.
It has been proposed that HSP32-mediated hepatoprotection is mainly dependent on one or more of its reaction; the most recent work in the field implicates CO-related cell signalling as the key component of HSP32-mediated hepatoprotection (Ryter et al. 2002; Choi and Otterbein 2002; Morse et al. 2001) . CO as a gaseous by-product of heme metabolism has long been thought to participate in many biological events and plays a pivotal role in mediating cytoprotection against oxidantinduced injury (Amersi et al. 2002; Ryter and Tyrrell 2000; Moore et al. 2005; Liu et al. 2010) . Furthermore, recent evidence suggests that CO may additionally confer protective effects via anti-inflammatory and/or anti-apoptotic mechanisms (Farombi and Surh 2006) . Physiological concentration of CO is mainly derived from intrinsic heme degradation by HSP32 under stress conditions (Ryter et al. 2006) . In the present study, the experiment showed that CO contents were increased in livers of mice subjected to acute, transient heat exposure, and this elevation in the level of CO was augmented by hemin but attenuated by SnPP treatment; these results were in parallel with HSP32 expression. As noted above, it can be postulated that the protective effects of HSP32 may be mainly dependent on endogenous CO, which deserves more studies in the future.
In conclusion, the results obtained in this study indicate that acute heat treatment of mice produced severe hepatic injury, and the injury was the most serious at 24 h after heat exposure. Upregulation of HSP32 by hemin alleviates acute heat-induced hepatocellular damage in mice; the protection can probably be mediated through the antioxidant, anti-inflammatory and antiapoptotic functions, and its by-product CO could play an important role in cytoprotective mechanism. In view of the above, our results will provide important clues for further exploration of the protective mechanism of HSP32 in response to noxious stimuli.
